Background-Patients with repaired coarctation are at increased risk of hypertension and cardiovascular disease despite successful repair. We studied the function of conduit arteries in upper and lower limbs of patients late after successful coarctation repair and its relation to age at surgery. Methods and Results-Flow-mediated dilatation (FMD) and the dilatation after sublingual nitroglycerin (NTG, 25 g) were measured by using high-resolution ultrasound in the brachial artery in 64 coarctation patients (44 males and 20 females, aged 19Ϯ10 years; median age at operation 4 months) and 45 control subjects (28 males and 17 females, aged 19Ϯ10 years) and in the posterior tibial artery in 37 patients and 22 control subjects. Arterial stiffness was determined by pulse-wave velocity (PWV) of the brachioradial and femoral-dorsalis pedis tracts. Patients, compared with control subjects, had lower brachial FMD (7.16Ϯ3.4% versus 8.62Ϯ2.3%, respectively; Pϭ0.02) and NTG (11.46Ϯ4.3% versus 13.21Ϯ4.6%, respectively; Pϭ0.046) and higher brachioradial PWV (9.17Ϯ3.1 versus 8.06Ϯ1.9 m/s, respectively; Pϭ0.05). In contrast, posterior tibial FMD, NTG, and lower limb PWV were comparable. Age (months) at the time of repair was related to brachioradial PWV (rϭ0.42, Pϭ0.002) but not to brachial FMD or NTG. 
C oarctation of the aorta is not simply a mechanical obstruction of the aorta. Life expectancy remains reduced in patients with coarctation of the aorta even after successful repair. 1, 2 Late arterial hypertension, more often systolic, which occurs in nearly one third of patients after repair, and atherosclerosis are the main determinants of cardiovascular events. [1] [2] [3] Coronary heart disease, stroke, sudden cardiac death, and heart failure account for the majority of premature deaths, [1] [2] [3] and prognosis is related to the age at intervention. [1] [2] [3] Endothelial function of conduit arteries is now understood to be a key initiating event in atherogenesis, 4 and increased stiffness and abnormal smooth muscle response of the arterial wall can contribute to the development of hypertension. 5 However, little is known about vascular function and its determinants in patients after repair of coarctation, particularly in those who underwent surgery in the neonatal period and during infancy. 6, 7 Therefore, we have studied arterial stiffness and vascular responses to endothelium-dependent and -independent stimuli in upper and lower limb conduit arteries in patients late after repair of aortic coarctation performed at different ages. In particular, we set out to evaluate whether aortic coarctation represents an extensive arterial disease with abnormal vascular responses and whether late vasculopathy can be prevented by early repair. Our findings have potential implications for management strategies aimed at reducing late morbidity and mortality in this high-risk group.
Methods

Study Population
Clinical characteristics of the study population are shown in Table 1 . We identified 280 patients, aged between 9 and 60 years, who had survived repair of isolated coarctation of the aorta at Great Ormond Street Hospital for Children between 1970 and 1998 (without major associated cardiovascular abnormalities, such as ventricular septal defect and aortic and mitral valve functional abnormalities). Those who had no evidence of recoarctation (Ͼ3.5-m/s velocity and/or Ͼ20 mm Hg pressure gradient at continuous Doppler in the aortic arch and the presence of a diastolic tail) and no evidence of aortic aneurysm at the last outpatient visit were invited by letter to participate in the study. Sixty-four of 80 subjects who replied were included. Of these, 34 (53%) had a bicuspid aortic valve without functional abnormalities. Coarctation repair had been performed at a median age of 4 months (range 0.1 to 480 months), with 36 subjects (56%) undergoing surgery during the first year of life. All were in the typical juxtaductal position. Repair was by end-to-end anastomosis in 46 patients (71.8%), by subclavian flap in 10 (15.6%), by patch angioplasty in 4 (6.2%), by repair with graft interposition in 1 (1.6%), by tube bypass in 1 (1.6%), and by primary percutaneous balloon aortoplasty in 2 (3.1%). Four patients (3 after end-to-end anastomosis and 1 after subclavian flap repair) subsequently underwent balloon aortoplasty, and 2 patients (both with end-to-end anastomosis) underwent repeat surgery because of recoarctation Ͼ1 year before the study. None of the patients who underwent balloon aortoplasty developed paracoarctation aneurysms. The median duration of follow-up was 139 (range 2.5 to 423) months.
We also investigated, by identical protocol, 45 healthy agematched volunteers, 25 of whom were siblings of the patients and 20 of whom were hospital employees. None of the subjects included in the present study were receiving any medication.
Study Protocol
Patients attended in the morning after fasting for 12 hours. Height and weight were recorded. Blood was collected from each patient for routine biochemical measurements (glucose, cholesterol, triglycerides, and lipoproteins). Supine systolic and diastolic blood pressures were measured in the right arm and in the right leg after a 5-minute rest period by an automatic oscillometric device (Datascope, Accutor 4). Adult subjects were considered to be hypertensive if their systolic blood pressure was Ͼ140 mm Hg and/or their diastolic blood pressure was Ͼ90 mm Hg. Children and adolescents were considered to be hypertensive if their blood pressure values were above the normal values of the 95th percentile of their age group. 8 Echocardiography was performed to confirm that there were no associated lesions or recoarctation (defined above). All subjects underwent noninvasive assessment of endothelium-dependent dilatation (flowmediated dilatation [FMD] ) and endothelium-independent dilatation (dilatation to sublingual nitroglycerin [NTG] ) of the brachial artery. In 60 coarctation patients and 43 control subjects, vascular stiffness was assessed by measurement of brachioradial pulse-wave velocity (PWV). Vascular studies were then performed in the lower limb. In 60 patients and 42 control subjects, PWV between femoral and dorsalis pedis arteries was measured, and in 37 patients and 24 control subjects, endothelium-dependent and -independent responses of the posterior tibial arteries were studied. These subgroups were comparable in age, sex, and body mass index. The institutional ethics committee approved the present study, and written informed consent was obtained from each subject.
FMD and NTG-Induced Dilatation in Upper and Lower Limbs
All subjects were studied while they were at rest in the supine position in a quiet air-conditioned room (22°C to 25°C). Vascular ultrasound assessment of the endothelium-dependent and endothelium-independent dilatation of the brachial artery was performed in all patients by using a technique developed by our group, 9 which has been shown to be accurate and reproducible. 10 A B-mode scan of the right brachial artery was obtained in longitudinal section between 5 and 10 cm above the elbow by use of a 7.0-MHz linear array transducer and an Acuson XP10 scanning system. The center of the artery was identified when the clearest picture of the anterior and posterior wall was obtained, and the transducer was kept at the same point throughout the scan by a stereotactic clamp. Arterial flow velocity was obtained continuously during scanning by pulsed Doppler signal at 70°to the vessel with the range gate (1.5 mm) in the center of the artery. B-mode images were triggered to the ECG signal to obtain only end-diastolic frames and were acquired every 3 seconds on a personal computer by using a video frame grabber. B-mode images and flow velocity were also recorded throughout the study on an S-VHS video. In each study, the response of the brachial artery to increased flow (FMD) and NTG were evaluated. A pneumatic cuff was placed around the forearm just below the elbow. After 1 minute of acquisition for baseline vessel size, the cuff was inflated for 5 minutes at 300 mm Hg. It was then released to induce reactive hyperemia, and brachial artery diameter images were acquired for 5 minutes after the cuff was released. Seven minutes after cuff deflation, images were again acquired for 1 minute and then for 5 minutes after administration of 25 g sublingual NTG. This dose was significantly lower than that used in previous studies 6, 9 and was selected to achieve a dilation more closely related to that obtained for FMD. 11 
Analysis of Vascular Studies
Brachial artery diameter was measured offline by a semiautomatic edge detection system (Information Integrity). 12 All analyses were performed by a single experienced operator (M.K.), who was unaware of the clinical status of the subjects. Baseline vessel size was taken as the mean of the measures obtained during the first minute. FMD was calculated as absolute and percentage maximum increase in vessel size from baseline. NTG response was also calculated as absolute and percentage maximum increase in vessel size from baseline. Blood flow velocity (the stimulus to the vessel dilatation) was calculated by measuring the brachial flow velocity time integral, offline, from video-recorded tapes at baseline and from 15 to 120 seconds after cuff release. Reactive hyperemia was calculated as the maximum percent increase in flow velocity after cuff release compared with baseline flow velocity and as the area under the curve of all velocity time integral values measured after cuff release. 9, 11 FMD and NTG were studied in the right posterior tibial artery with the subject in the supine position with the leg slightly externally rotated. The artery was scanned in the middle of the calf with the pressure cuff placed just above the ankle. The same imaging criteria, Values are meanϮSD or as indicated.
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acquisition, and analysis software were used as in the brachial artery studies.
PWV in Upper and Lower Limbs
Brachioradial PWV (the velocity of propagation of the arterial pulse from the brachial to the radial probe) was measured by using a photoplethysmographic technique. 13 Two photoprobes, each containing an infrared-emitting diode and a phototransistor, were placed over the brachial and radial arteries and secured without compression. The infrared beam was scattered by the skin and other soft tissues and strongly absorbed by the blood as it flowed along the blood vessels. As the pulse wave passes along the vessel under the probe, the diameter of the vessel increases, so that more of the infrared signal is absorbed, and the reflected portion detected at the skin is reduced. The time-varying signals from the 2 probes were converted into pulse waveforms, and the transit time was determined from the time delay between the foot of the corresponding brachial and radial pulse waves. PWV was calculated as the ratio of the distance between the 2 probes and the transit time. The accuracy and reproducibility of photoplethysmographic assessment of PWV have been validated, 13 and this measure is considered to be a robust index of arterial stiffness being inversely related to the square root of distensibility (PWVϭ1/͌distensibility). 14 Femoral-dorsalis pedis PWV was also assessed by similar methodology.
Statistical Analysis
Data analysis was performed by using the SPSS statistical package. 
Results
Study Population
None of the subjects recruited for the study (Table 1) showed significant residual obstruction at the coarctation site (mean pressure gradient in the descending aorta 10Ϯ3 mm Hg). Thirteen patients (20%) were hypertensive at rest.
Upper Limb Vascular Phenotype
There was no difference between baseline brachial artery diameter and flow between the patients and control subjects ( Table 2) . Peak flow increase during reactive hyperemia and the flow area under the curve were also comparable between patients and control subjects. However, brachial FMD was significantly lower in patients than in control subjects, as both absolute and percentage dilatations (Figure 1 ). Both absolute and percent dilatations to NTG were also reduced in patients with repaired coarctation (Figure 1 and Table 2 ).
Brachioradial PWV measurements were of adequate quality in 51 patients (85%) and 41 control subjects (95%). PWV was significantly higher in the coarctation patients (Table 2) .
Lower Limb Vascular Phenotype
There was no difference in baseline posterior tibial artery diameter (2.4Ϯ0.5 versus 2.3Ϯ0.3 mm, Pϭ0.3) and flow (0.04Ϯ0.03 versus 0.04Ϯ0.03 m, Pϭ0.9) between the coarctation patients and control subjects, respectively. Peak flow increase during reactive hyperemia (598Ϯ366% versus 580Ϯ332%, Pϭ0.74) and area under the curve of the velocity time integral (10.4Ϯ2.3 versus 11.3Ϯ5.6 m, Pϭ0.6) were also comparable between patients and control subjects, respectively. Posterior tibial absolute FMD (0.2Ϯ0.10 versus 0.16Ϯ0.11 mm, Pϭ0.3) and percentage FMD (8.56Ϯ5.2% versus 7.21Ϯ5.2%, Pϭ0.37) were comparable between patients and control subjects, respectively, as were absolute NTG dilatation (0.34Ϯ0.09 versus 0.32Ϯ0.10 mm, Pϭ0.6) and percent NTG dilatation (14.53Ϯ5.2% versus 14.0Ϯ5.1%, Pϭ0.71) (Figure 2 ). Femoral-dorsalis pedis PWV, which was of adequate quality in 48 patients (80%) and 41 control subjects (95%), was also comparable (9.44Ϯ3.16 versus 9.11Ϯ2.99 m/s, respectively; Pϭ0.8).
Determinants of Vascular Responses
There was no relationship between any vascular measure and resting blood pressure, arm-leg pressure gradient, or surgical technique of coarctation repair. In patients with repaired coarctation, univariate analysis showed that brachial FMD was related to baseline vessel diameter (rϭϪ0.35, Pϭ0.005). Brachial NTG response was related to age (rϭϪ0.27, Pϭ0.03), body mass index (rϭϪ0.31, Pϭ0.01), body surface 
6).
At multilinear regression analysis, age at surgical repair and body mass index predicted brachioradial PWV independently of age (Table 3 ). In the 32 patients who underwent repair in the first 4 months of life, FMD was reduced for both absolute dilatation (0.22Ϯ0.08 versus 0.28Ϯ0.10 mm, Pϭ0.002) and percent dilatation (6.87Ϯ2.5% versus 8.7Ϯ2.3%, Pϭ0.002) compared with control FMD. Absolute NTG response was also reduced in patients with early repair compared with control subjects (0.37Ϯ0.11 versus 0.43Ϯ0.14 mm, Pϭ0.05), whereas the percent dilatation was lower, but the difference did not reach statistical significance (11.7Ϯ4.42% versus 13.36Ϯ4.5%, respectively; Pϭ0.1). There was no difference in brachioradial PWV between the patients repaired at Ͻ4 months and the control subjects (8.3Ϯ1.9 versus 8.1Ϯ2.9 m/s, respectively; Pϭ0.5).
In the posterior tibial artery, there was an inverse correlation between FMD and the duration of follow-up (rϭϪ0.32, Pϭ0.04). Posterior tibial NTG was inversely related to basal diameter (rϭϪ0.52, Pϭ0.001) and body surface area (rϭϪ0.36, Pϭ0.035).
In the control subjects, brachial absolute FMD was related to basal diameter (rϭ0.36, Pϭ0.02), body mass index (rϭ0.37, Pϭ0.019), age (rϭ0.32, Pϭ0.04), and body surface area (rϭ0.35, Pϭ0.026), whereas percentage FMD showed an inverse correlation with basal diameter (rϭϪ0.32, Pϭ0.04). Percent NTG dilatation also was inversely correlated with basal diameter (rϭϪ0.42, Pϭ0.005) and body surface area (rϭϪ0.32, Pϭ0.042).
Discussion
The present study shows that in patients with repaired coarctation of the aorta, vascular reactivity and mechanical properties of large conduit arteries are impaired even late after successful repair (absence of residual obstruction and/or aortic aneurysm). Vascular function is different in the upper and lower limbs. Reduced FMD and NTG responses and a higher PWV were observed in the upper limb. In contrast, lower limb arteries showed preserved FMD and NTG responses and normal PWV. The timing of operation has a selective impact on the different measures of vascular function, so that patients who underwent repair of aortic coarctation in the first 4 months of life had normal arterial stiffness (PWV) but impaired reactivity of the brachial artery (reduced brachial FMD and NTG responses). This pattern of persistent abnormalities of conduit arteries in the upper limb during long-term follow-up suggests that aortic coarctation is associated with extensive arterial dysfunction and that, at least in part, vascular changes are acquired as a result of the abnormal hemodynamics present in the upper part of the body before surgery.
Similar FMD findings have been demonstrated in other cohorts of young subjects with coronary risk factors such as hypercholesterolemia, cigarette smoking, and diabetes. 15 FMD has been shown to reflect endothelium-derived NO bioavailability in conduit arteries, 16 and reduced brachial artery FMD has been related to adverse cardiovascular outcome in coronary patients. 17 However, the FMD findings must be interpreted with caution in coarctation patients, in view of the reduced dilatation to NTG (NO donor) even at the low dose used (25 g ). This may be due to reduced capacity for relaxation of vascular smooth muscle cells and/or to structural changes in the arterial wall that limit its ability to dilate. 5, 18 The latter is supported by the increase in PWV in the brachioradial tract, indicating an increase in resting arterial stiffness. 5, 14 The vascular responses in the upper limb may have hemodynamic consequences for blood pressure regulation. In a previous report, we have demonstrated a relationship between brachial NTG response and peak systolic blood pressure on dynamic exercise 6 in patients who had their . Arterial stiffness affects the ability of the large arteries to act as a cushion for cardiac output and is an important determinant of the vascular load on the heart. 5 It is now evident that aortic stiffness in healthy children predicts systolic blood pressure, 19 and because subjects tend to remain in the same decile of systolic blood pressure over the decades of follow-up (tracking), 20 arternal stiffness in part determines your future cardiovascular profile. Furthermore, aortic PWV has been shown to be an important prognostic factor in subjects with essential hypertension. 21 Another potential mechanism by which vascular stiffness may be linked to hypertension is through an effect on baroreflex function: the decreased distension of arterial baroreceptors to a similar pulse pressure may reduce the inhibition of sympathetic drive. 18 In one study, hypertensive patients with repaired coarctation showed a reduced baroreflex sensitivity, although it remains unclear whether this is causative. 22 The distribution of vascular functional changes found in our patients may be the consequence of structural abnormalities of the arterial wall of the type reported by Sehested et al. 18 They found an increase in collagen and a decrease in smooth muscle content in the aortic segment above the coarctation compared with young transplant patients with comparable histological findings in the lower aorta in the 2 groups. In an experimental study in dogs by Ghaleh et al, 23 supravalvular aortic banding resulted in impairment of coronary endothelial function assessed by both response to flow and acetylcholine. This blunted vascular reactivity was associated with morphological abnormalities in the vessel wall, which included intimal and medial thickening, malalignment of endothelial cells, and disruption of the internal elastic lamina. The number of smooth muscle cells was increased in the media, and there was additional disarray, with the cells oriented at an oblique angle to the adjacent layer. 23 The present study is the first to examine the late vascular phenotype in patients who have undergone coarctation repair as neonates or in infancy. Early repair of coarctation appears to preserve arterial elastic properties, thus preventing an increase in later arterial stiffness over the pattern found in normal subjects. In contrast, age at repair was not related to later arterial reactivity with responses to both flow and NTG; in fact, they were impaired, even in patients who had their operation in the first few months of life. This suggests very early "programming" of vascular reactivity, which may be determined by the abnormal hemodynamics in prenatal development or in the first few weeks after birth. Our previous data suggest that vascular reactivity is influenced by intrauterine factors, such as birth weight. 24 Arterial stiffness, measured as arterial distensibility, has not been related to prenatal factors but to environmental influences, such as LDL cholesterol as early as the first decade of life. 25 The abnormal increase in arterial stiffness in coarctation patients also seems to develop during this period, and irreversible changes do not appear to develop in utero or in the first few months after birth. These vascular abnormalities are likely to represent a mechanism for the relationship between age at repair of coarctation and the development of arterial hypertension. Therefore, careful long-term follow-up is indicated even in subjects who underwent repair at a very early age because the functional significance of this pattern of vascular responses remains uncertain.
Clinical Implications
Aortic coarctation is associated with persistent abnormalities of arterial function during long-term follow-up even in subjects with apparently successful repair. These abnormalities are likely to contribute to the development of late systolic hypertension, through both direct effects on the vessels and effects on baroreflex sensitivity, and therefore may contribute to atherosclerosis, which is responsible for reduced life expectancy and morbid events. Early repair may preserve the elastic properties of conduit arteries, and this may explain, at least in part, the known relationship between the timing of repair and prognosis. However, both endothelial and smooth muscle functional abnormalities persist despite early repair, so that careful long-term surveillance of coarctation patients is desirable.
